■ Abstract My scientific life has been spent trying to understand how cells communicate with each other. This interest in cell signaling began with studies on the control of fluid secretion by an insect salivary gland, and the subsequent quest led to the discovery of inositol trisphosphate (IP 3 ) and its role in calcium signaling, which effectively divided my scientific career into two distinct parts. The first part was primarily experimental and culminated in the discovery of IP 3 , which set the agenda for the second half during which I have enjoyed exploring the many functions of this remarkably versatile signaling system. It has been particularly exciting to find out how this IP 3 /Ca 2+ signaling pathway has been adapted to control processes as diverse as fertilization, proliferation, cell contraction, secretion, and information processing in neuronal cells.
OUT OF AFRICA
My scientific career was shaped by my early life in Africa. I was born in 1938 in a small town called Gatooma (now called Kadoma) in what was then Southern Rhodesia. This country in central Africa has changed its name several times; it became Rhodesia and more recently Zimbabwe. My earliest memories are of Eiffel Flats, a small gold-mining town about five miles from Gatooma. It was the African bush with its rich variety of animals and birds that excited me as a young boy and has continued to fascinate me ever since. This love of nature inspired my initial interest in academic studies. While at school, I spent some of my spare time writing notes and drawing pictures of the animals that surrounded me, and this early passion evolved into a boyhood fantasy of becoming a game warden in one of the National Parks.
At school I was fortunate in being taught biology by Pamela Bates who not only fostered my scholarly interests but also opened my eyes to the fact that there was an academic life after school. None of my family had been to university except for a distant aunt who had a degree in child psychology. Because my parents considered her to be singularly inept at bringing up her own children, they were somewhat dubious about the merits of a university education. However, Miss Bates convinced them that I had the ability to pursue an academic career and I applied for a place 2 BERRIDGE at the newly founded University of Rhodesia and Nyasaland in Salisbury to read Zoology and Chemistry.
I approached my university courses with great enthusiasm because I had discovered that the conservation of African wildlife lay in the emerging field of ecology. I had every intention of going on to do research into big game ecology. Indeed, I spent one of my vacations working with Dr. Thane Riney, who was one of the first ecologists to work on African wildlife. One of my tasks was to mark giraffes using a crossbow, which had arrows with paint-filled wax capsules that exploded on contact with the animal thus spreading colored paint over the hide. We were then able to determine their home range by plotting out their locations on subsequent sightings. For a young boy fascinated by wild animals, this was exciting work. However, there was something very imprecise about this embryonic field and my enthusiasm for a career in ecology began to wane. A new influence was at work.
The physiology lectures given by Dr. Eina Bursell began to capture my imagination. I can still remember being particularly fascinated by the beauty of the staircase phenomenon in the heart responding to adrenergic stimulation. Little did I know that many years later I would understand the molecular signaling mechanisms responsible for this intricate process. Bursell's lectures brought out the factual details and precision that were lacking in my initial foray into ecology. After spending my next vacation helping Bursell with his research on water metabolism in tsetse flies, my transformation from a budding big game ecologist to insect physiologist was complete. I had been bitten by the research bug and was fortunate to gain a place in the Department of Zoology at Cambridge University to do a Ph.D. with Sir Vincent Wigglesworth, the father of insect physiology.
THE FIRST CAMBRIDGE PERIOD
My journey out of Africa was somewhat daunting. Within a short period, I was transported from the quiet colonial existence of Rhodesia into the hurly burly of cosmopolitan London and Cambridge. Despite all my reading, nothing could have prepared me for my new life in this ancient seat of learning. Wigglesworth was a fellow of Gonville and Caius College, and he arranged for me to be a member of this college. This was the college of William Harvey, who discovered the circulation of the blood. I felt all the years of academic distinction and tradition crowding in on me, especially as I was given a room in the heart of the college overlooking the Gate of Honor. A feeling of insecurity was exacerbated by the mischievous postdoctoral fellows in the laboratory who took great delight in informing me that Sir Vincent took on three students each year and one of them always fell by the wayside. Imagine my apprehension when I found out that the two other students in my year were Cambridge graduates who had their projects up and running within weeks, while I was still finding my way around the cavernous spaces of the Cambridge Zoology Department. The prediction about the natural wastage of Sir Vincent's students turned out to be correct because one of the students dropped out after a few months making me feel marginally more secure. 
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Sir Vincent had given me a project to study nitrogen excretion of the African cotton stainer Dysdercus fasciatus, which enabled me to use my training in both chemistry and zoology. Once I had settled into my project, I began to enjoy the process of doing research especially when I discovered something quite novel about how these insects excreted nitrogen. The big surprise was that they excreted their excess nitrogen as water-soluble allantoin rather than as the insoluble uric acid favored by most insects. It seems that these sap-sucking insects, which have access to a constant supply of water, have no need to waste energy synthesizing uric acid when they can flush out their nitrogen as allantoin in a plentiful flow of urine (1) . I also discovered that this copious flow of urine was maximal at the beginning of each instar when the insects feed avidly and ceases as they prepare for the next moult. Toward the end of my thesis work I began to be interested in how this periodic cycle of fluid secretion by the Malpighian tubules was controlled, and this aspect sparked my interest in cell signaling that has continued ever since. Unfortunately, my time in Cambridge ran out, and I was not able to pursue my project any further because I had to stop doing experiments in order to write up my thesis. However, some of the preliminary work I had done on the hormonal control of excretion formed the basis of a successful postdoctoral application to Professor Dietrich Bodenstein, who was chairman of the Department of Biology at the University of Virginia in Charlottesville.
AN AMERICAN SOJOURN: POSTDOCTORAL STUDIES AT THE UNIVERSITY OF VIRGINIA AND AT CASE WESTERN RESERVE UNIVERSITY
During my time in Cambridge I fully intended to return to Africa, but politics intervened. While I had been studying in England, a vicious civil war had broken out in Rhodesia, and I would certainly have returned to immediate conscription to fight what I believed to be a completely unnecessary bush war. Instead, I decided to emigrate to the United States to begin a new life as a postdoctoral fellow at the University of Virginia in Charlottesville, which is a university town very similar to Cambridge. My intention was to use blowfly Malpighian tubules as a model system to study hormone action. While at Cambridge, I learned how to study Malpighian tubules in vitro from Dr. Arthur Ramsay who had spent his life developing techniques for studying the physiology of these tubular secretory organs (2) . The isolated tubule was set up in a drop of saline held under liquid paraffin in a watchmaker's glass dish. A piece of silk was unraveled under liquid paraffin and individual fibers were used as fine ligatures to pull the cut end of the tubule out into the liquid paraffin. The urine that emerged from this cut end was then collected and its volume determined to provide a measure of the rate of fluid secretion. I thus had a simple model system to study hormone action because the effects of adding agents to the bathing medium on the rate of fluid secretion could be easily measured. However, there was a problem in that the tubules did not survive for long in vitro. I spent most of my time in Virginia unsuccessfully trying to develop a culture medium that would promote longer survival.
I continued with this problem of Malpighian tubule survival when I moved to Case Western Reserve University to work first in Michael Locke's laboratory in the Developmental Biology Center and then with Bodil Schmidt-Nielsen in the Department of Biology. As I was making little progress with trying to design media that would support Malpighian tubules, I began to get increasingly desperate, when my luck suddenly changed. One day while dissecting out yet another Malpighian tubule to test out yet another culture medium, I noticed this long clear tube lying alongside the yellow-white Malpighian tubules. Out of curiosity, I dissected it out of the fly and set it up as for the Malpighian tubules and was astonished by the result. This tiny little tubule, considerably smaller than the Malpighian tubules, was secreting at rates 50 to 100 times those I had been recording with the tubules. I soon found out that these tubes were the salivary glands that extend down the length of the fly and secrete a voluminous flow of saliva each time the fly settles down to feed. I calculated that at these rates of secretion the fly would pump itself dry within a short period. This implied that the gland is normally quiescent and is called into action only during feeding. But the glands I had isolated continued to secrete at high rates for long periods, and this could only mean that there was something in my complex medium that was a potent activator of secretion. I soon found out that the stimulant was 5-hydroxytryptamine (5-HT) (3), a contaminant in fetal bovine albumin fraction V that presumably came from the blood platelets during preparation of the albumin fraction. In the absence of 5-HT, the glands were totally quiescent, but upon addition of this agonist they began to secrete rapidly. My foray into the world of cell signaling had taken a giant step forward; I now had a defined agonist capable of switching the gland on and off. My luck was holding because my research was soon to take another major step forward.
An Introduction to the Second Messenger Concept-Cyclic AMP Comes into View
As I made progress developing my model system to study cell signaling, I became aware of the work by Earl Sutherland and Ted Rall on cyclic adenosine monophosphate (cyclic AMP) and their novel second messenger concept (4). I was very excited about the idea that cyclic AMP acted as a second messenger to mediate the action of the first messenger that arrived at the cell surface; in the case of my salivary gland experiments this was 5-HT. Imagine my excitement when I found that the stimulatory effect of 5-HT on fluid secretion was exactly duplicated by the addition of cyclic AMP (3, 5) . I had the first steps of an embryonic signaling pathway ( Figure 1 ).
When discussing my latest result with colleagues in the laboratory, I was amazed to find out that Sutherland and Rall had discovered cyclic AMP in the Department of Pharmacology just across the road. I plucked up enough courage to go across to meet them. Sutherland had left the department but Rall was still there and had become a key player in the field. He was very influential in driving forward the concept of cyclic AMP functioning as a second messenger in cell signaling. The old cliché of being in the right place at the right time was never more apt because my work was helped enormously by frequent pharmacology tutorials from Rall. He patiently taught me about the action of phosphodieterase inhibitors and the concept of synergism, which helped me to establish quickly that cyclic AMP was a key intracellular messenger in the insect salivary gland where it carried out the stimulatory action of 5-HT. Rall took a great interest in this work because it was one of the first examples of cyclic AMP functioning in an invertebrate. My postdoctoral sojourn in America, which for a long time seemed to be drifting rather aimlessly, was ending on a high note. However, it was now time to leave my cozy postdoctoral life to find a more permanent position.
I began looking for a job and went for interviews at Rice University in Houston and various other places. Decision time was fast approaching when a letter arrived from John Treherne in Cambridge offering me a position in a new Unit of Invertebrate Chemistry and Physiology he was setting up in the Zoology department. This position seemed just right for me so in 1969 I crossed back over the Atlantic to begin a second period of research in Cambridge.
RETURN TO THE ZOOLOGY DEPARTMENT IN CAMBRIDGE
This period in Cambridge started off very differently from the first. As I was familiar with the quaint ways of the Zoology department, I soon had my research program in full swing. The work I had done in Cleveland on cyclic AMP provided a robust working hypothesis to guide my new research program. The next obvious step was to determine how cyclic AMP carried out its second messenger role in stimulating fluid secretion. I approached this problem by characterizing the electrophysiological properties of the secretory response in the hope that it might tell me something about how cyclic AMP acted on the ionic mechanisms responsible 6 BERRIDGE for fluid secretion. My research student William Prince, who was a talented electrophysiologist, helped to get this project started. We designed a small Perspex perfusion chamber that enabled us to monitor the trans-epithelial potential while adding and removing components of the putative signaling pathway ( Figure 1 ) such as 5-HT and cyclic AMP or pharmacological agents such as the methyl xanthines (theophylline and caffeine). When the glands were at rest, the lumen had a slightly positive potential relative to the bathing medium and depolarized rapidly in response to 5-HT. Fully expecting to observe the same response following the addition of cyclic AMP, we were greatly surprised to find exactly the opposite. Instead of depolarizing, the potential was found to hyperpolarize (6) . Subsequent experiments revealed that cyclic AMP activated an electrogenic potassium pump, which was the prime mover for fluid secretion. Chloride followed passively, and this transport of KCl created the osmotic gradient to drive the flow of water. Subsequent resistance measurements showed that the passive flux of chloride was facilitated by a 5-HT-dependent increase in chloride conductance that occurred independently of cyclic AMP (7) . It seemed that 5-HT was having two actions: one mediated by cyclic AMP to drive potassium transport and a second mechanism facilitating the movement of chloride.
UNCOVERING A ROLE FOR CALCIUM
It soon became apparent that Ca 2+ might regulate the passive flux of chloride. The notion that Ca 2+ might function as a second messenger was already well established in muscle cells and had begun to be investigated in secretory cells by Bill Douglas prior to the discovery of cyclic AMP (8) . However, the notion that Ca 2+ might be a more universal intracellular messenger was swept aside by the excitement surrounding cyclic AMP, which was rapidly promoted as a universal second messenger capable of regulating almost every cellular process imaginable. It gradually became apparent, however, that cyclic AMP was not the only messenger operating in cells and Howard Rasmussen at Yale was very much at the forefront of reintroducing the concept that Ca 2+ could also function as a second messenger (9), an idea that gathered pace in the 1970s. It so happened that in 1971, Rasmussen was on a sabbatical in the Department of Pharmacology in Cambridge. Once again, I was very fortunate to benefit from the advice of an expert in this emerging field of Ca 2+ signaling. Indeed, we set up a collaboration to study Ca 2+ signaling in the insect gland, which clearly showed that 5-HT was having a profound effect on Ca 2+ dynamics. In particular, it suggested that Ca 2+ was being released from an internal store (10) . We subsequently used both electrophysiological and pharmacological techniques to demonstrate that the blowfly salivary gland had two 5-HT receptors operating through separate second messengers (Figure 2 ) (11-13). The signaling system was becoming a lot more complicated than originally envisaged in that the salivary gland was using two independent systems to regulate secretion ( Figure 2 ). One receptor used cyclic AMP to drive potassium transport, whereas the other employed Ca 2+ to open chloride channels. One pathway uses cyclic AMP to activate a potassium pump, whereas the other releases Ca 2+ from an internal store to activate chloride channels. The big question at the time was how the receptor on the cell surface gained access to the internal store.
Searching for a Ca 2+ -Mobilizing Second Messenger
The most puzzling aspect of the putative Ca 2+ messenger system in the blowfly was the source of Ca 2+ , much of which was derived from an internal store (11). Similar observations were also being made on various mammalian cells so the hunt was on to find the messenger that connected cell surface receptors to the internal store. The question was easy to define but its solution seemed totally intractable. The aspect that frustrated me most was not having any idea of how to approach the problem. Finally, a way forward began to emerge from a somewhat unlikely direction when I became aware of the work by Hokin & Hokin on inositol lipids (14) . In 1953, the Hokins discovered that an external agonist stimulated the turnover of phosphatidylinositol (PI) (14) . This came to be known as the PI response. It was shown subsequently that the agonist was stimulating the hydrolysis of PI. Although this PI response had been measured in many different cells in response to many different stimulants, its function remained somewhat mysterious. This began to change in 1975 when Bob Michell wrote an extraordinarily insightful and scholarly review where he argued that lipid hydrolysis was responsible for Ca 2+ signaling (15) . A major part of his argument centered on pharmacological observations indicating that certain receptor types used cyclic AMP as a messenger, whereas others seemed to work through Ca 2+ , and it was the latter group of receptors that also gave a PI response. Because I had shown that the salivary gland was under dual regulation of 5-HT receptors coupled to either cyclic AMP or Ca 2+ (Figure 2 ), I was intrigued by Michell's idea that the PI response might be linked to a Ca 2+ -signaling pathway. My research suddenly lurched from physiology to biochemistry.
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Not being a biochemist, I was somewhat daunted by the prospect of starting to work on inositol lipid metabolism, but the transition was greatly helped along its way by John Fain who joined my laboratory as a sabbatical visitor in 1978. Most previous work in this field had used the incorporation of 32 P into PI as a way of measuring the PI response. This method necessitated the extraction and separation of the labeled lipids. The small size of the insect gland made this technique well nigh impossible so we turned our attention to using 3 H-inositol. We found that this label was rapidly incorporated into PI and, more significantly, the label could be released from the lipid during agonist stimulation of intact glands and could be collected in the bathing medium. This meant that we could begin to monitor the PI response at regular time intervals in intact glands simply by measuring the efflux of 3 H-inositol (16) . The efflux was very small when the glands were at rest, but upon addition of 5-HT there was a dose-dependent increase in the efflux of 3 H-inositol.
In order to relate this hydrolysis of PI to Ca 2+ signaling, it was necessary to have some way of measuring the latter. At that time, however, there were no established methods for measuring intracellular Ca 2+ . I began to dabble with Ca 2+ -sensitive microelectrodes, but these proved to be difficult to prepare and were decidedly unreliable (17) . I thus searched for an alternative, and in a separate series of experiments carried out with Herb Lipke, another visitor to the laboratory, I devised a method of measuring Ca 2+ entry into the insect gland by monitoring the transepithelial flux of 45 Ca (18), which proved invaluable as a way to study Ca 2+ signaling. As I now had methods for monitoring both Ca 2+ signaling and inositol lipid hydrolysis in intact cells, I could begin to see whether these two processes were related. The first thing we did was to compare their sensitivities to 5-HT. The dose response curve for inositol efflux lay to the left of that for Ca 2+ flux, which in turn lay to the left of the secretory response. This sensitivity sequence was entirely consistent with Michell's notion (15) that the PI response generated the Ca 2+ signal responsible for cell stimulation ( Figure 3) .
Because there had been many false leads regarding the function of the PI response, I felt we needed more direct evidence that it was playing such a central role in the signaling sequence. The fact that inositol was leaking out of the glands (Figure 3 ), particularly when they were being stimulated, suggested a way of testing the hypothesis more directly. At this stage the hypothesis was based on the assumption that 5-HT was stimulating the hydrolysis of PI to produce diacylglycerol (DAG) and inositol-1-phosphate (IP 1 ), (Figure 3) . The latter was then hydrolyzed to inositol (Figure 3) , which was then recycled back into PI in order to maintain the membrane level of this precursor lipid. Because our experiments revealed that a proportion of this inositol was being lost from the cell, we reasoned that the cell would begin to run out of it, thus compromising Ca 2+ signaling owing to a decline in the level of PI. This is exactly what happened. When glands were stimulated for 2 h with a high dose of 5-HT and washed repeatedly to remove the inositol that escaped into the medium (thus reducing the resynthesis of PI), there was a dramatic desensitization of Ca 2+ signaling (19) . What was Lithium inhibits the enzyme that hydrolyzes IP 1 to inositol, which is either incorporated back into PI or lost from the cell. This PI response was proposed to play a role in releasing Ca 2+ from the internal store through an unknown mechanism.
particularly pleasing was the fact that Ca 2+ signaling could be rescued by incubating the glands in inositol thus enabling them to reconstitute the level of the PI required for signaling (20) . It was this experiment that convinced me that the PI response was directly linked to Ca 2+ signaling, exactly as proposed by Michell in 1975 (15) . But what was the mechanism? The answer finally came through a somewhat circuitous route that began with some studies on lithium (Li + ).
LITHIUM PROVIDES AN ENTRÉE TO THE INOSITOL PHOSPHATES
In attempting to find an inroad into the relationship between the PI response and Ca 2+ signaling, I stopped doing experiments and began an exhaustive search of the large and at times somewhat tedious PI literature in the hope of finding a new way forward. During the course of this reading, I came across some interesting work on Li + and inositol phosphate metabolism that had been largely ignored (21, 22 ). Allison and his colleagues found that Li + was a potent inhibitor of the inositol monophosphatase that hydrolyzed IP 1 to inositol (Figure 3) . I was immediately struck by the potential significance of this observation because it was this Li + -sensitive step that released the free inositol that we were measuring to monitor PI hydrolysis. This inhibitory action of Li + has some very unusual properties, which may explain its therapeutic action in controlling manic-depressive illness and may also have a bearing on its teratogenic action of distorting axis formation in early development (23) that I discuss further below. The fact that Li + was able to inhibit a putative signaling pathway immediately struck a chord because it reminded me of my earlier studies on cyclic AMP, where the methyl xanthine inhibitors of its metabolism had proved so useful in determining its second messenger function. Therefore, I began to examine whether Li + might prove equally valuable for understanding more about the PI response. The inositol efflux method we had used to monitor the PI response offered a simple way of testing the inhibitory effect of Li + . Because this inositol was derived from the IP 1 produced by hydrolyzing PI, Li + should reduce the efflux by inhibiting the hydrolysis of IP 1 to inositol (Figure 3) . That is exactly what happened. Li + induced a rapid reduction in the efflux of 3 Hinositol from prelabeled glands (24) . What came as a surprise, however, was the very large overshoot of inositol efflux that occurred when Li + was withdrawn. This large surge in free inositol that flooded into the bathing medium resulted from the inositol monophosphatase suddenly hydrolyzing the IP 1 that had built up behind the Li + block. The fact that Li + resulted in a large accumulation of inositol phosphates provided an entrée into the next phase of my research on inositol phosphate metabolism.
Inositol Trisphosphate Comes into View
As a physiologist, I had always tried to avoid biochemical techniques that involved destroying the cell. The inositol efflux method described earlier had proved very effective in enabling the PI response to be monitored continuously in the intact cell. However, in order to study the inositol phosphates that were locked up within the cell, there was no escape from breaking the cell open to measure these PI metabolites after separating them out on anion-exchange columns (25) . As expected, there was a large accumulation of IP 1 during Li + inhibition, but unexpectedly there were two additional peaks running after the IP 1 . On the basis of previous observations, these two peaks were likely to be inositol 1,4-bisphosphate (IP 2 ) and inositol 1,4,5-trisphosphate (IP 3 ). The whole story was about to get a lot more complex and difficult, especially because there were no commercially available inositol phosphates to use as standards to verify the preliminary identification of the unknown peaks.
Once again I was about to benefit from being in the right place. As far as I can determine, at the time we were doing these studies there were only two sources of inositol phosphates that could be used as standards. One source was in Clint Ballou's laboratory in Berkeley, California and the other was a few miles down the road from me in Rex Dawson's laboratory at the Babraham Institute. Dawson and his colleague Robin Irvine were busily working on various aspects of the PI response and in particular identifying the enzymes that hydrolyzed inositol lipids. Just as Rall and Rasmussen had proved invaluable in guiding me along the cyclic AMP and Ca 2+ paths respectively, Dawson and Irvine were very patient in helping me come to grips with the rather arcane world of inositol phosphate biochemistry. More importantly, tucked away in their freezer was a wide range of inositol phosphates that they kindly supplied as standards to verify that the unknown peaks coming off my exchange columns were indeed IP 2 and IP 3 (25) . On the basis of what was known previously, the simplest hypothesis was that IP 3 was formed first and was sequentially hydrolyzed to IP 2 , IP 1 , and then inositol (Figure 4) .
For the sequence shown in Figure 4 to be correct, the substrate used by R2 had to be phosphatidylinositol 4,5-bisphosphate (PIP 2 ) and not the parent lipid PI as originally assumed in the earlier model (Figure 3) . Indeed, work being done in other laboratories had already shown that agonists were able to hydrolyze PIP 2 (26, 27) . In order to obtain further evidence for the IP 3 → IP 2 → IP 1 → inositol sequence, I developed a rapid perfusion system (28) that enabled me to establish the rate at which these inositol phosphates were produced following 5-HT stimulation. These studies on the kinetics of 5-HT-induced inositol phosphate formation revealed that IP 3 and IP 2 increased first with no apparent latency, whereas IP 1 followed by inositol appeared much later. I was excited by this result because it not only confirmed that PIP 2 was being hydrolyzed but also revealed that IP 3 was being generated quickly. In fact, it was the fastest response to 5-HT I had yet recorded. I already knew that there was a 1-2 s latency before the onset of the electrical change caused by the Ca 2+ -dependent activation of the chloride channels. I now found the level of IP 3 was already elevated by 1 s and, within the limits of my recording system, there appeared to be no latency, which suggested that IP 3 was being generated as soon as 5-HT bound R2. It was this observation that led me to propose that IP 3 might be the diffusible messenger that coupled receptor activation to the mobilization of internal Ca 2+ (29) (Figure 4 ).
IP 3 -Induced Ca 2+ Mobilization
It is one thing to suggest a mechanism but quite another to prove it. I already knew from my electrophysiological experiments that Ca 2+ was coming from an internal store; the problem was to find a way of testing whether IP 3 could release Ca 2+ from some as yet unknown internal store. The experimental techniques to study the action of intracellular messengers are now relatively easy, but 20 years ago such study was much more difficult. Not only was the supply of IP 3 very limited, but also cellular injection techniques were poorly developed. While grappling with this problem, I attended a workshop in Amsterdam in December 1982 on Biophysical and Biochemical Aspects of Transcellular Transport in Animal Tissues. The title of my lecture was "Phosphatidylinositol Hydrolysis: A General Transducing Mechanism for Calcium-Mobilizing Receptors," and it was the first time that I had publicly put forward the idea that IP 3 might be the long sought after Ca 2+ -mobilizing second messenger. In the same session, Irene Schulz described a permeabilized pancreatic cell preparation in which she was able to gain access to the internal Ca 2+ stores. This was exactly what I was looking for to test out the proposed function of IP 3 , and she was more than happy to set up a collaborative study. On returning to Cambridge, I contacted Irvine who agreed to prepare the large amounts of IP 3 that were required for these permeabilized cell experiments. A few weeks after Schulz had received the samples, I had an excited phone call to say that IP 3 had mobilized Ca 2+ . We carried out numerous controls to establish the specificity of IP 3 -induced Ca 2+ mobilization, and we also identified the endoplasmic reticulum as its site of action. The paper summarizing our results was published in Nature toward the end of 1983 (30) .
The initial evidence that IP 3 was a Ca 2+ -mobilizing messenger emerged from our work on the permeabilized pancreatic acinar cells, and we were anxious to find out whether it had a similar action in other cell types. Once our paper (30) appeared in Nature, we were contacted by several groups anxious to try out this new messenger on their cells. We set up a number of collaborations, and within a short period of time we were able to confirm that IP 3 released Ca 2+ in many cell types including liver cells (31) , Swiss 3T3 cells (32), insulinsecreting cells (33, 34) , Limulus photoreceptors (35, 36) , and leukocytes (37) . It seemed clear, therefore, that IP 3 was the long sought after Ca 2+ -mobilizing second messenger.
It had taken 30 years since the discovery of the PI response by Hokin & Hokin in 1953 (14) to finally find out that one of its functions is to stimulate the release of internal Ca 2+ . However, that is not its only function. Indeed, a few years earlier Yasutomi Nishizuka had already shown that DAG, the other product of the PI response (Figure 4 ), also had a signaling role, i.e., it was a potent activator of a novel protein kinase (38, 39) . For those of us involved during that period, one of the really exciting developments was the realization that the PI response was spawning two separate signaling cascades: one activated through DAG to stimulate protein kinase C and the other using IP 3 to stimulate the mobilization of Ca 2+ (39) (40) (41) :
THE VERSATILITY AND UNIVERSALITY OF Ca 2+ SIGNALING
The discovery that IP 3 was a universal second messenger controlling Ca 2+ signaling heralded a new phase in my research career as it provided fresh insights into how a variety of cellular processes were regulated. Having spent so much time doing biochemistry, I was anxious to return to physiology, which I did by turning my attention to the spatial and temporal aspects of Ca 2+ signaling. One of the questions I am asked most frequently is how can this messenger regulate so many different processes, in some instances within the same cell. For example, in smooth muscle cells, Ca 2+ can regulate both contraction and relaxation. Likewise, in neurons, Ca 2+ can induce both long-term potentiation (LTP) and long-term depression (LTD) in the same synaptic connection. How is it that Ca 2+ can separate out these discrete and sometimes opposing signaling functions? We now know that much of this remarkable versatility depends on the way this signal is organized in both time and space (42) (43) (44) (45) . My interest in these spatiotemporal aspects began with studies on Ca 2+ oscillations, and when single cell imaging techniques began to appear, attention was also focused on the spatial aspects of Ca 2+ signaling.
Ca
2+ Oscillations
Early on in our studies on the electrical responses of the insect salivary gland to 5-HT, we discovered that the transepithelial potential oscillated (6) . An interesting feature of these oscillations is that their frequency varies with agonist concentration (6, 46) . Because these changes in frequency occurred over the same range of 5-HT concentrations that caused changes in fluid secretion, we proposed that the signaling system operated through frequency modulation (FM) rather than amplitude modulation (AM) (47) . These potential oscillations depended on changes of resistance, which were controlled by Ca 2+ , thus we speculated that they resulted from an underlying oscillation of Ca 2+ (48) . When aequorin was introduced to monitor intracellular Ca 2+ , particularly striking examples of oscillations were revealed in both liver cells (49) and mammalian oocytes (50) (51) (52) . Frequency modulation was particularly apparent for the liver cell oscillator. What fascinated me most about such oscillatory activity was its spontaneous nature. In some cases, the level of Ca 2+ was found to remain constant for up to 60 s and was then interrupted by a spontaneous Ca 2+ spike that returned back to the resting level for another 60 s before the next spike occurred and so on. In the case of mammalian oocytes undergoing fertilization, these interspike intervals can last for 3-4 min (50-52). The question that intrigued me and still does today is what happens during this interspike interval that results in the appearance of the spontaneous spikes? I began to search for a mechanism.
When we first became aware of such Ca 2+ oscillations, we had little information about how intracellular Ca 2+ was regulated. This, however, did not deter Paul Rapp and me from putting forward a model that attempted to explain these oscillations on the basis of feedback loops operating between Ca 2+ and cyclic AMP (48) . However, such models were not particularly plausible because they failed to explain adequately how agonists functioned to increase the intracellular level of Ca 2+ . This deficiency was resolved once IP 3 had been discovered, and we were then able to develop more refined models to account for both Ca 2+ oscillations and how frequency might be decoded through protein phosphorylation (53, 54) .
An important aspect of these new models was the process of Ca 2+ -induced Ca 2+ release (CICR), which provided the positive feedback to account for the rapid regenerative component of each Ca 2+ transient. The ryanodine receptors of muscle cells were already known to display this process of CICR as first described in 1970 by Makoto Endo (55) , and it was soon shown that IP 3 receptors were equally sensitive to Ca 2+ (56) (57) (58) . The process of CICR, therefore, applies just as well to IP 3 receptors as it does to ryanodine receptors. Although the IP 3 -dependent process of CICR nicely explained the regenerative process responsible for the upstroke of the Ca 2+ spike, it did not address the critical question of what triggered this spike in the first place. Again, an important clue came from work on muscle cells where a spontaneous release of Ca 2+ often occurred when the internal store became overloaded with Ca 2+ . Because ryanodine receptors are sensitive to the level of Ca 2+ within the lumen of the endoplasmic reticulum, I wondered whether IP 3 receptors might display a similar sensitivity to store loading. Ludwig Missiaen spent his postdoctoral period in Cambridge patiently devising methods of loading up such stores and found that a spontaneous release occurred when the stores were loaded above a critical point (59) . It seems that the IP 3 receptors, like their ryanodine receptor counterparts, are sensitive to the level of Ca 2+ within the lumen of the endoplasmic reticulum. Although this remains a controversial area, I believe that the loading of the internal store plays a critical role in the timing mechanism of Ca 2+ oscillations because it sets the sensitivity of the IP 3 receptors and thus determines when the next Ca 2+ spike will initiate (42, 60) . The frequency of Ca 2+ oscillations will thus depend upon how quickly the store can be loaded and this in turn will depend upon the rate at which it enters across the plasma membrane. Such dependence on external Ca 2+ may explain why oscillations are so sensitive to variations in the external concentration of Ca 2+ . It may also explain how frequency can be regulated if one assumes that the rate of Ca 2+ entry is controlled by agonist concentration. The importance of Ca 2+ entry processes has been established but the nature of these processes remains as one of the major unsolved problems in Ca 2+ signaling.
Spatial Aspects of Ca 2+ Signaling
In 1986 I visited Roger Tsien at Berkeley and was shown his new purpose-built, single cell imaging system; immediately I realized the significance of this technology. I obtained the funds to set up such a system in Cambridge and must acknowledge the help that Tsien provided in guiding us into this new technology. Within a short time we had our own system running and began to see how Ca 2+ signals developed in cells in response to external signals. Some of the first experiments were performed by Tim Cheek who showed that when chromaffin cells were depolarized, the calcium appeared first as a ring confined to the cytoplasm immediately below the plasma membrane (61) . Like many other groups, we were also recording regenerative calcium waves that usually initiated in a discrete region of the cell and then propagated through the cytoplasm. A particularly dramatic example of such waves is found in mammalian oocytes following fertilization (51, 52) . These waves reflect the spatial organization of the calcium spikes described above. We already knew that a process of CICR caused such spikes, and the next big step was to "see" the elementary events responsible for these calcium waves.
The first indication that one might be able to visualize the activity of the individual building blocks of such calcium signals emerged from work on cardiac cells (62, 63) , which revealed the existence of elementary events that were called sparks. These sparks are small bursts of calcium released from a localized group of ryanodine receptors. They occur at the junctional zones and produce the calcium that diffuses onto the myofibrils to activate contraction. Cardiac studies on the microscopic activity of ryanodine receptors established the idea that the global calcium signals we had been studying previously could be broken down into elementary events, and this finding greatly increased our understanding of how calcium signals are constructed (43, 44) . By pushing our aging imaging system to its limits, Martin Bootman began to get the first indication that the IP 3 /Ca 2+ signaling system might be similarly organized into elementary events (64) . The elementary events produced by IP 3 receptors have been called puffs (65) . Bootman then teamed up with Peter Lipp to characterize these puffs and to show how they are recruited to produce global calcium signals in HeLa cells (66, 67) . For someone who has been studying covert Ca 2+ signaling for so long, it was and still is a quasi-religious experience to visualize the generation of Ca 2+ signals in cells. The spiral waves that pulsate through the cytoplasm of Xenopus oocytes are objects of great beauty (68) . We have come a long way since our initial studies on the insect salivary gland, which provided the first indication that Ca 2+ might be oscillating, to the detailed molecular and spatial description we have now. We are still in the midst of exploring the enormous panoply of elementary calcium signaling events that can be manipulated in many different ways to create the versatility that characterizes Ca 2+ signaling.
THE ROLE OF IP 3 /Ca 2+ SIGNALING IN CELLULAR CONTROL MECHANISMS
Much of my scientific attention at present is focused on trying to understand how the IP 3 /Ca 2+ signaling pathway functions in cellular control mechanisms. One of my first attempts at this was to see whether the new insights we had into the mode of action of Li + (24) might help explain its therapeutic action in controlling manic-depressive illness or its teratogenic action during early development. By inhibiting the conversion of inositol phosphate to free inositol with Li + (Figure 3) , we caused the level of inositol to decline, which led to the inositol depletion hypothesis to explain Li + 's therapeutic action in manic-depressive illness (23) . Some experimental support for this inositol depletion hypothesis has begun to appear (69) . The basic idea is that this illness might be caused by overactive inositol lipid signaling, which could be brought back to normal by Li + acting to slow down the recycling of inositol. This idea was made all the more plausible because Li + exerts its inhibitory action through an unusual uncompetitive mechanism. The Li + -binding site on the inositol monophosphatase appears only when the enzyme has bound its inositol phosphate substrate. This means that Li + functions as a homeostatic drug, i.e., it has little effect if the signaling system is operating normally but begins to exert an ever-increasing inhibitory action as inositol lipid signaling becomes more and more abnormal. I went on to apply this inositol depletion hypothesis to the teratogenic action of Li + , particularly with regard to its ability to dorsalize Xenopus embryos (23) . By extending the same idea that Li + is most effective when inositol lipid turnover is high, I proposed that dorsoventral specification might be set up by a gradient of IP 3 /Ca 2+ signaling, with the highest level in the ventral region. In the presence of Li + this high level of IP 3 /Ca 2+ signaling in the ventral region would be suppressed down to that seen in the dorsal region, which would account for the dorsalization of the developing embryo (23) . There now is growing evidence that IP 3 /Ca 2+ signaling does indeed play such a role in dorso-ventral specification (70, 71) .
The fact that Li + might be acting to curb inositol lipid signaling raised the real possibility that the IP 3 /Ca 2+ signaling pathway might play a prominent role in the brain. It had long been known that the receptors and enzymes responsible for inositol lipid signaling were strongly expressed in neurons, but their exact function was unknown. With the discovery that IP 3 was a calcium-mobilizing second messenger (30, 40, 41) and that its receptors were located on the endoplasmic reticulum within the spines of Purkinje neurons (72) , it became apparent that this signaling pathway had a role in information processing within the brain (73) . In order to discern what that function might be, I began to take an interest in the neurobiology of Purkinje neurons and was immediately struck by the fact that the metabotropic receptors responsible for generating IP 3 were of central importance in the process of LTD, which is responsible for the motor learning skills that enable us to learn how to ride a bicycle or play the piano. Like many learning mechanisms, LTD occurs when the Purkinje neuron detects the near simultaneous arrival of two synaptic inputs, one coming from the climbing fibers that innervate the base of the dendritic tree and the other arriving through the parallel fibers that innervate the spines. The problem was to identify the molecular coincident detector that enabled the Purkinje cell to associate the information arriving from these two separate inputs. The more I read about the system, the more I realized that the IP 3 receptor might be that coincident detector (74) . As noted above, opening of the IP 3 receptor depends upon the simultaneous presence of both IP 3 and Ca 2+ (56) (57) (58) , and these are exactly the two messengers being supplied by the two inputs to the Purkinje neurons. The climbing fiber results in depolarization of the dendrites, which then generates a Ca 2+ signal, whereas the parallel fibers activate the metabotropic receptors to generate IP 3 . When these two messengers are produced at approximately the same time, there is a large release of Ca 2+ within the spine, which induces LTD. Although there are contenders for coincident detectors in other neurons, there has been considerable experimental evidence to support the notion that the IP 3 /Ca 2+ signaling pathway may be responsible for LTD in Purkinje neurons (75, 76) .
What is particularly intriguing about these molecular events is that their temporal characteristics closely match what is known about the timing rule for various forms of motor learning. For example, the most effective learning occurs when the stimulation of the parallel fibers precedes that of the climbing fibers. Likewise, the most effective release of Ca 2+ by the IP 3 receptors occurs when the parallel fibers that generate IP 3 are activated 50-200 ms before the climbing fibers that deliver the pulse of Ca 2+ (75) . It is these subtleties that fascinate me as we continue to probe the many functions of the IP 3 /Ca 2+ signaling pathway in information processing in the brain.
CONCLUSION
I have been privileged to live through a period when many of the major signaling pathways used for cell communication were being discovered. I was caught up in the excitement of the discovery of cyclic AMP, which introduced the concept of second messengers, and this prepared me for my work on the role of IP 3 as a second messenger linking inositol lipid hydrolysis to Ca 2+ signaling. There has been much excitement along the way. In addition to the real buzz of making new discoveries in the laboratory, I have also enjoyed immensely the intellectual challenge of trying to use all this new information to understand how specific cell functions as divergent as fertilization, cell proliferation, muscle contraction, and synaptic plasticity are controlled.
